Nonequilibrium molecular dynamics (NEMD) simulations were performed to investigate schemes for enhancing the energy conversion efficiency of thermoelectric nanowires (NWs), including (1) roughening of the nanowire surface, (2) creating nanoparticle inclusions in the nanowires, and (3) coating the nanowire surface with other materials. The enhancement in energy conversion efficiency was inferred from the reduction in thermal conductivity of the nanowire, which was calculated by imposing a temperature gradient in the longitudinal direction. Compared to pristine nanowires, our simulation results show that the schemes proposed above lead to nanocomposite structures with considerably lower thermal conductivity (up to 82% reduction), implying $5X enhancement in the ZT coefficient. This significant effect appears to have two origins: (1) increase in phonon-boundary scattering and (2) onset of interfacial interference. The results suggest new fundamental-yet realizable ways to improve markedly the energy conversion efficiency of nanostructured thermoelectrics.
Introduction
Thermoelectric materials can directly convert heat to electricity and vice versa, offering a promising approach to waste-heat recovery. The energy conversion efficiency of thermoelectric devices depends on ZT, a dimensionless coefficient defined as ZT ¼ S 2 rT=j, where S, r, T, and j are the Seebeck coefficient, electrical conductivity, absolute temperature, and thermal conductivity of the material, respectively. A large ZT value signifies a more efficient thermoelectric, though it has been challenging to increase ZT because S, r, and j are interdependent [1] .
It has been shown in experiments that the thermal conductivity of individual Si nanowires is more than two orders of magnitude lower than that of bulk Si, due to increased phonon-boundary scattering and possible phonon spectrum modification [2] . The Seebeck coefficient and electrical conductivity of Si nanowires, 50 nm in diameter, are almost the same as those of bulk Si [3] . Ab initio calculations suggest that these properties should remain invariant even for diameters as small as 2 nm [4] . Thus, lowering the thermal conductivity can have a direct effect on ZT: Nanowires with diameters of $50 nm should have ZT $ 0.6 at room temperature [3] , high enough to render Si nanowires promising for thermoelectric conversion.
For larger thermoelectric efficiency, nanostructuring has emerged as an alternative way to further reduce the thermal conductivity of Si nanowires by increasing phonon scattering and phonon interference. For example, coating of discrete 5-10 nm platinum nanoparticles on the surface of high-density, aligned, n-type silicon nanowire solar cells yielded a substantial enhancement in energy conversion efficiency [5] . Doped with 50% isotope atoms, the thermal conductivity of pure Si nanowire can be lowered by 73%, caused by mismatch in phonon spectra [6] . Using molecular dynamics simulations, it was shown that a Ge layer (shell) of only 1 to 2 unit cells in thickness on a single-crystalline Si nanowire can lead to a dramatic 75% decrease in thermal conductivity at room temperature compared to an uncoated Si nanowire [7, 8] .
In this paper, we employ NEMD simulations to investigate three schemes for reducing the thermal conductivity of Si NWs: (1) roughening of the NW surface, (2) incorporating nanoparticles into NWs, and (3) coating the NW surface with other materials. The thermal conductivity of the Si NW is calculated by imposing a one-dimensional temperature gradient in the longitudinal direction. Based on calculations of the phonon density of states and the participation ratio of each phonon mode, we propose a common underlying mechanism to explain the reduction in thermal conductivity.
The remainder of this paper is organized as follows: In Sec. 2, we present the three different model structures considered and describe the interatomic potential and the MD methodology used to determine the thermal conductivity of the nanowires. In Sec. 3, we present the results and discuss the mechanisms for the reduction in thermal conductivity of the Si core. Finally, the main points are summarized in Sec. 4.
2 Model Structures and Simulation Procedure 2.1 Model Structures. We investigated three types of Si NW structures: (1) a Si rod covered with W particles, (2) a Si rod with inclusions, and (3) a Si-core coated with various materials. For all cases studied, a square cross-sectional Si core was constructed from diamond-structured bulk silicon with n Â n Â m unit cells (where m is much larger than n) in the x, y, and z directions. We took the lattice constant of Si as 0.543 nm. The NW extends in the [001] direction, which is set along the z-axis. The surfaces in transverse directions (x-axis and y-axis) are of (110)-type for all structures.
For Si NW covered with W particles, the Si nanowire is singlecrystalline with 6 Â 6 Â 307 unit cells, corresponding to a crosssectional width of 2.3 nm and a length of 167 nm. The nanowire surface is covered by different numbers of W particles ranging from 20 to 100, corresponding to a surface coverage from 7.34% to 36.7%. After constructing the Si NW, bcc W particles with lattice constant of 3.162 Å , were built on each y-z surface with the same orientation as the Si NW. Ten half-cylinder-like particles with radius of 1.086 nm and height of 2.3 nm were regularly placed on each y-z surface of the Si NW, as shown in the top panel of Fig. 1 . The positions of the W particles are between À74 nm and þ 74 nm along the z direction of the Si NW, which is the region used later to compute the heat flux upon applying a temperature gradient. A random placement of the W particles helped check the sensitivity of the thermal conductivity results to the particle configuration. For Si NW with inclusions, we first selected several spherical regions with radius of 2 Si unit cells inside the Si NW (n Â n Â 302, n ¼ 9, 16) along the longitudinal direction. The structure was constructed either by replacing Si atoms in these regions with some other type of atoms, e.g., Ge, or by changing the atom mass to a different values, e.g., 2, 4, and 8 times larger, or by modifying the interatomic interaction strength, e.g., eight times larger to mimic diamond particles. For core-shell nanowires, the Si core was also single crystalline with 6 Â 6 Â 307 unit cells (167 nm long). In this work, we investigated different materials as the shell, including single-crystalline SiC, GaN, and AlN, as all of these crystalline lattices can be grown on Si substrate in experiments [9] [10] [11] . All crystalline shells are zinc-blende structures. To study the effect of crystallinity of the shell structure on the thermal conductivity of the Si core, we also built amorphous SiC layer on the Si core, by heating the SiC crystalline up to 3000 K to melt it and then quenching it down to 300 K very fast. Furthermore, the thermal conductivity of Si core coated by amorphous SiO 2 and Si 3 N 4 are also investigated, both of which are obtained by the same procedure as the amorphous SiC.
Interatomic
Potential. For Si-W system, the improved Tersoff potential, named the MOD potential [12] , was used to describe the Si-Si interactions in Si NW, which can reproduce the elastic constants and melting point of diamond silicon as well as the cohesive energies and equilibrium bond lengths of silicon polytypes. An analytical interatomic potential for modeling nonequilibrium processes in the W-C-H system [13] For Si NW with inclusions, the Stillinger-Weber potential was used to describe the interactions in the Si-NW/Ge-inclusions system with diamond structure. This potential uses two-body and three-body terms to stabilize the diamond lattice. The original parameters were developed to provide an approximate description of condensed phases of Si [15] . Parameters for Ge were determined by fitting to experimental data [16] . In the simulation studies described herein, the parameters of Refs. [15] and [16] were adopted to describe Si-Si and Ge-Ge interactions. Parameters for Si-Ge interactions were obtained by taking the arithmetic mean of Si and Ge parameters for r Si-Ge and the geometric mean for k Si-Ge and e Si-Ge , as suggested in the literature [17] .
For Si nanowires coated with crystalline SiC, GaN, and AlN, the Si core was also modeled with the MOD potential [12] . An optimized analytical bond-order potential [18] was used to describe both the crystalline and amorphous SiC shell. Elastic properties of the dimer as well as solid phases SiC are very well reproduced by this potential. In addition, point defect formation enthalpies show good agreement with first-principles calculations. An analytical bond-order potential [19] , which describes a wide range of structural properties of GaN as well as bonding and structure of the pure constituents, was used to model the GaN shell. The same potential was used by Zhou and Jones [20] to simulate thermal conductivity of GaN system. For AlN, we used the modified Tersoff potential [21] , which is in good agreement with the experimental values for structural and elastic properties of group III-Nitrides. Al-Al Tersoff parameters were taken from Ref. [22] and N-N parameters are the same as that in GaN parameters [19] . Using the mixing rule as in Si-W case, we transformed the non-MOD Tersoff parameters to the MOD-type and combined them with the Si MOD parameters to describe the interatomic interactions between the Si core and the shell material. A modified parameter set of the Tersoff potential [23] , fitted to ab initio calculations and experimental data, was used to investigate the thermal conductivity of Si/amorphous SiO 2 core-shell nanowire. Interatomic interactions for Si/Si 3 N 4 were described by an ab initio derived augmented Tersoff potential [24, 25] , which has been used previously to study the structural features and the coordination defects of amorphous SiN x samples at various stoichiometries [26] .
2.3 Simulation Procedure. All MD calculations were performed using the LAMMPS [27] package with a time step of 1 fs throughout. Free boundary conditions are used in transverse directions. We set 1.5 nm long regions at both ends as "rigid wall." In the first stage of MD simulations, we relaxed the system at 300 K for 0.5 ns with the walls moving freely along the longitudinal direction, corresponding to zero pressure, using Nosé-Hoover thermostat [28, 29] . After NVT relaxation, we froze the walls and continued to relax the system with NVE ensemble for another 0.5 ns.
Following equilibration, we computed the thermal conductivity of the system using nonequilibrium MD. It is well known that, using nonequilibrium molecular dynamics to compute thermal conductivity relies on a steady heat flux, which must be established along the desired direction. Currently, there are two different methods to realize this: (1) constant heat flux, e.g., the Jund and Julien algorithm [30] or the Müller-Plathe algorithm [31] in which the heat current or flux is an input parameter and the resulting temperature gradient is calculated; (2) constant temperature gradient, i.e., heat source and heat sink are connected to constant temperature thermostats (thus, the temperature gradient is known in advance) and the resulting heat flux is calculated. In our simulation, we adopted the second method. To establish a temperature gradient along the longitudinal direction, we set another 3 nm long region next to the wall as heat source and heat sink. The temperature gradient is realized by using Nosé-Hoover thermostats to keep the temperature of heat source and heat sink at 310 K and 290 K, respectively, corresponding to a typical temperature gradient of $0.1 6 0.002 K/nm, which is far less than the limits in Ref. [32] . We calculated the heat flux along the longitudinal direction according to the following expression [32] :
where the subscript "L" denotes a quantity in the longitudinal direction; v i is the velocity of atom i; e i is the local site energy; r ij is the relative distance between atom i and j;f ij is the two-body force between atom i and j;f j ijk ð Þ is the three-body interactions between atoms i, j, and k; and V is the volume of the region selected to calculate the heat flux. Note that we exclude the regions ($10 unit cells long) close to both ends and compute the heat current only for the rest of the nanowire to avoid the nonlinear effect of the heat source and heat sink at the ends. The thermal conductivity of the nanowire is calculated from
whereJ L is the averaged heat flux in the longitudinal direction and @T=@z is the temperature gradient determined from a linear fitting of the time-averaged temperature profile along the nanowire, as shown in the bottom panel of Fig. 1 . For selected cases, we compared the results to those obtained using the Müller-Plathe algorithm and found them to be similar, especially pertaining to the reduction in thermal conductivity. A typical heat-source heatsink run took about 10 ns to establish steady heat flow and an additional 10-20 ns for averaging the temperature profile and heat flux, depending on system size and its thermal conductivity.
3 Results and Discussion 3.1 Si Nanowire Decorated With W Particles. The calculated thermal conductivity of Si NW decorated with W particles, plotted in Fig. 2 , is found to largely decrease as the W-particle coverage increases. Notably, a W surface coverage of 15% decreases the thermal conductivity of the Si core by over 50%. Larger W coverage helps to reduce the core conductivity further, approaching asymptotically a reduction value of $70%. Importantly, the thermal conductivity of the Si core does not change much when the W particle distribution becomes random. Since epitaxial growth of islands of another material on Si NW surfaces has been realized experimentally [33] , the present method of reducing the thermal conductivity of the core appears promising. We note the discrepancy between our calculated thermal conductivity and the experimental value [2] . The difference can be attributed to defects, impurities, surface roughness, and oxidation, which are always present in the experimental samples and may impact adversely the nanowire's thermal conductivity. In contrast, theoretical calculations assume that the Si nanowires are perfect crystals with atomically smooth surfaces, which facilitate heat conduction. Despite this discrepancy, the predicted reduction in thermal conductivity is still valid and is the main point of this paper. The significant reduction is attributed to the depression in the vibrational density of states (VDOS) of Si atoms on the nanowire surface upon addition of the W particles. The VDOS, plotted in Fig. 3 , is calculated by a Fourier transform of the atomic velocity autocorrelation function. Addition of the W particles not only results in a large attenuation of the low-frequency modes, especially below 7.5 THz but also in a large drop in the high frequency modes around 17 THz. This is caused by phonon interference at the Si/W NW interface emanating from the lattice mismatch and the large atomic mass difference between Si and W, which enhance phonon scattering. Since low-frequency modes dominate heat transfer in the Si core, their attenuation impacts adversely the thermal conductivity. It is worth pointing out that, the VDOS of Si atoms not in contact with the W particles, (as well as those in the center of the Si core) does not change much with the addition of W particles (not shown for brevity). That is, only the vibrations of the Si atoms in contact with the W particles are affected. It is worth noting that, at larger W coverage, the high frequency modes of Si shift to higher frequencies. This can be attributed to the strong confinement effect due to the high frequency W modes [34] [35] [36] .
Furthermore, we analyzed the phonon mode localization by calculating the mode participation ratio p k , defined for each mode k as [37] 
where i sums the overall atoms studied, a is a Cartesian direction and sums over x, y, z, e ia;k the vibrational eigenvector component corresponding to the kth normal mode, and N is the total number of atoms. The participation ratio describes the fraction of atoms participating in a particular mode and, hence, it varies between O(1) for delocalized states to O(1/N) for localized states. First, we selected a segment of 6 Â 6 Â n (n ¼ 1, 2, 5, 7, 9, 14) Si NW, the longitudinal length of NW ranging from 0.543 nm to 7.602 nm, and mimic the infinitely long NW by using periodic boundary conditions in the longitudinal direction, and we found that the participation ratio did not change as the length of Si NW increases. In order to compute the participation ratio of Si/W NW as a function of W coverage, we took 14 and 5 Si unit cells long NW covered by one W particle to mimic the cases of Si/W NW with W coverage of 14.7% and 36.7%, respectively. Figure 4 (a) compares the participation ratios of all modes in the spectrum for pure Si NW and the Si/W NWs with different number of W particles. For the pure Si NW, participation ratios are almost uniformly distributed as a function of frequency. For Si/W NW with 14.7% W coverage, the participation ratios of the phonon modes over the entire frequency range are reduced. For the high frequency modes (16.7 THz < x < 18.6 THz), in particular, there is a large reduction in the participation ratios. Furthermore, some even higher frequency but more localized modes (18.6 THz < x < 21 THz) are excited, which is consistent with the VDOS in Fig. 3 . For Si/W NW with 36.7% W coverage, not only are the participation ratios of low frequency (x < 7.8 THz) modes reduced but also the intermediate frequency (7.8 THz <x < 16.7 THz) modes become more localized. However, the thermal conductivity of the Si core does not decrease more than in the case of 14.7% W coverage (Fig. 2) . This observation suggests that the high frequency modes do not influence heat conduction in the Si/W nanowire as much. Further analysis was provided by the mode weight factor [8] defined as
where the prime denotes that sum over j (atoms). This factor can be evaluated for each region by accounting for only the atoms of that region (the interior of the Si core, the Si-W interface, and the interior of the W particles). The Si-W interfacial region is defined by the Si and W atoms, which have at least one neighbor from the other element within the cutoff distance of the force field. Consequently, the sum of the mode weight factors in the Si/W nanowire is equal to unity, i.e., f core,k þ f interface,k þ f particle,k ¼ 1.
For the different regions studied (Si core, Si-W interface, W interior), the mode weight factor results shown in Fig. 4(b) suggest that the presence of the W particles depresses the vibrations of the Si core significantly and causes the Si core to vibrate resonantly with the W atoms, which corresponds to a confinement effect of the W particles on the vibrational modes of the Si core. The reduction in the thermal conductivity could also be explained by enhanced phonon scattering due to the presence of W particles.
3.2 Si Nanowire With Inclusions. For a Si nanowire with inclusions, we first computed the thermal conductivity of the Si NW with different numbers of Ge inclusions. A short segment of Si nanowire with Ge inclusions is shown in the inset of Fig. 5 . The thermal conductivity results are reported in Fig. 5 , from which we can see that the thermal conductivity of Si-NW/Geinclusions drops as the volume percentage of Ge inclusions increases. With about 3.5% volume inclusions, the thermal conductivity drop can be as high as 70%. Remarkably, the thermal conductivity reduction is almost independent of the nanowire cross section (e.g., 9 Â 9 Â 302 and 16 Â 16 Â 302 unit cells) for a wide range of volumetric inclusions of Ge. This implies that the drop in thermal conductivity of the Si nanowire can be flexibly controlled by the inclusions. Such inclusions could be easily realized in experiments by sputtering Ge nanoparticles during growth of Si NW.
In order to investigate the effect of different types of inclusions on reducing the thermal conductivity of Si nanowire, we studied nine different materials and computed the resulted thermal conductivity. For all cases, the Si NW is 9 Â 9 Â 302 unit cells with nine inclusions of radius 2 Si unit cells. All inclusions are regularly spaced inside the Si nanowire along the longitudinal axis, except where stated otherwise. The results are collected in Fig. 6 . In all cases, significant reduction ($60-70%) in thermal conductivity of Si NW was observed, which is the direct result of strong phonon scattering at the inclusion-matrix interface induced by the mass difference between them. By comparing the results of different types of inclusions, we also found that the conductivity reduction levels off as the atomic mass of the inclusion and the interfacial interaction strength increase. On the other hand, the random placement of inclusions can extend this effect, because of the enhanced phonon scattering at inclusion-matrix interface, similar as scattering at rough interfaces [38] [39] [40] [41] .
3.3 Si-Based Core-Shell Nanowire. The thermal conductivity of Si-based core-shell nanowires with different types of shell material is plotted in Fig. 7 . As reported previously for Ge coated Si nanowires [7, 8] , a dramatic reduction (over 70%) in the thermal conductivity of the Si core was observed. For crystalline SiC, GaN, and AlN shell structures with the same interatomic potential [12] for Si core, we found that the crystalline GaN shell exhibits an even better performance-a dramatic reduction of 78% in thermal conductivity. This remarkable result can be attributed to two aspects: (1) the strong interaction strength between the GaN shell and Si core surface and (2) the large atomic mass difference 6 Thermal conductivity of Si nanowires with different types of inclusions. For all cases, the Si nanowire is 9 3 9 3 302 unit cells with nine inclusions and the radius of all inclusions is 2 Si unit cells. "m1": pure Si nanowire; "m2", "m4," "m8": atom mass in inclusions is 2, 4, and 8 times larger than normal Si, respectively; "m4x" and "m4xy": same atom mass as "m4" but inclusions are randomly placed in x direction (also y direction for the later) to block the perfect lattice vibrations in that direction; "dia": normal Si mass but interatomic interaction strength inside inclusions is eight times larger than normal Si (to mimic diamond inclusions); "Ge": normal Ge inclusions; "voids": remove atoms in inclusions. between Ga and Si. Our calculations show that the interfacial cohesive energy of $5.18 J/m 2 for GaN-Si, is 13.7%, 42.0%, and 57.1% higher than that of crystalline SiC-Si, amorphous SiC-Si, and crystalline AlN-Si, respectively. As we pointed out previously [8] , the significant reduction in thermal conductivity of core-shell nanowires is a consequence of phonon interference at the core-shell interface, which, in turn, depends on the interfacial interaction strength. Different shell materials change the degree of coupling between vibrational modes in the core and the shell. When the coupling is strong, phonon interference impedes heat transfer [8] . Regarding the atomic mass difference, it is well known that it influences strongly phonon scattering; thus, it makes sense physically that heavy Ga atoms can bring more significant phonon scattering at the core-shell interface.
We also computed the VDOS of Si atoms on the surface of Si core for the four different shell structures as well as for a pure Si nanowire, which are compared in Fig. 8 . It is clearly seen that the VDOS of all four shell structures is largely reduced, both at low ($6 THz) and high ($17 THz) frequencies. This is mainly attributed to the lattice mismatch and the mass difference between Si core and the shell layers. It should be pointed out that, the VDOS can only provide a qualitative analysis of the vibrations in the core-shell structure. Quantitative comparison of thermal conductivity of different core-shell nanowires should be accomplished using a phonon mode analysis.
Furthermore, we considered two more shell structures, SiO 2 and Si 3 N 4 , both of which are easily realized in experiments by oxidizing or nitriding the surface of a pure Si nanowire. The results are also reported in Fig. 7 . Both core-shell structures achieved a large reduction of the thermal conductivity for the Si core as compared to pure Si NW. Especially for the Si-core/SiO 2 -shell nanowire, the reduction percentage is as high as 82%. We also calculated the size effect of the thermal conductivity of Sicore/SiO 2 -shell nanowire, as shown in Fig. 9 . The MD results are fitted according to the following equation [32] :
where j and L Z are the thermal conductivity and the length of the nanowire, respectively, j NW 1 is the thermal conductivity of an infinitely long nanowire, and l NW is the effective phonon mean free path in the nanowire. The fitting yields j W=mK for the Si core in core-shell nanowire. In the limit of infinite length, the reduction percentage of the thermal conductivity for the Si core in Si-core/SiO 2 -shell nanowire is 87.6%.
Conclusions
Nonequilibrium molecular dynamics simulations were performed to investigate three ways for reducing the thermal conductivity of nanowires: (1) surface roughening, (2) nanoparticle inclusions, and (3) surface coatings. Parameters considered include: the surface coverage and configuration of external particles, the different types of internal inclusions, and the different shell coatings. As compared to pristine nanowires, all modified nanocomposites were found to have considerably lower thermal conductivity.
Specifically, pure W nanoparticles sputtered onto a smooth Si nanowire surface (regularly or randomly) introduce surface roughness thereby reducing the thermal conductivity of the Si nanowire by up to 70%. The magnitude of the reduction becomes more significant with increasing particle number density but it appears to be rather independent of the distribution of the particles on the nanowire surface.
In addition, it was found that small numbers of Ge nanoparticles, with volumetric concentration less than 4%, distributed in the Si nanowire as inclusions result in significant scattering of propagating phonons and a concomitant reduction in the thermal conductivity of the nanowire by up to 70%. The magnitude of the reduction is not sensitive to the difference in atom mass or the interaction strength between inclusions and matrix.
Finally, surface coatings on Si nanowires [42] were found to create a larger reduction in thermal conductivity in comparison to the other methods. This result, we hypothesize, may originate from interfacial interference. Further evidence on the nature of this interference needs to be gathered in the future for a definitive statement to this end. Among the coatings simulated, GaN shows the best performance as compared to crystalline AlN, crystalline SiC and amorphous SiC. Remarkably, only two GaN layers can lower the thermal conductivity of Si nanowire by up to 78%. This reduction is attributed to the strong interfacial interaction strength and large atomic mass difference between the Si core and GaN shell. Even larger reduction in thermal conductivity of the Si core is achieved with amorphous SiO 2 and Si 3 N 4 shells. For example, a 160-nm-long Si nanowire coated with SiO 2 exhibits a reduction of 82%. By extrapolating these results to an infinitely long nanowire, we believe that the reduction can be as high as 87.6%. Moreover, a theoretical study [43] showed that electron mobility in silicon nanowires at room temperature can be greatly enhanced by embedding the nanowires within a hard material, making the core-shell nanowire a very promising candidate for high ZT thermoelectrics.
